OBJECTIVE: To evaluate cerebral hemodynamics during dopamine treatment in hypotensive (mean arterial blood pressure (MABP)ogestational age) extremely low birth weight (ELBW) infants. STUDY DESIGN: Continuous monitoring of cerebral blood flow velocity (CBFv), MABP and PCO 2 was performed in hypotensive ELBW infants on the first day of life, beginning with an B15-min baseline reading and continued during advancing dopamine infusion until MABP was optimized. Physiological variables and CBFv reactivity were compared before and after MABP was optimized. RESULT: Fifteen hypotensive ELBW infants (625±174 g; 24 (23 to 24.8) weeks) were studied. Mean CBFv increased from 10.9 ± 3.7 to 15.7 ± 5.7 cm s À 1 (P ¼ 0.001) simultaneously as MABP increased from 22.3 ± 2.8 to 35.2 ± 9.7 mm Hg (Po0.001). Mean CBFv reactivity (95% confidence interval (CI)) was 3.9 (1.6 to 6.2) % mm Hg . Nine infants died and/or developed severe intraventricular hemorrhage (IVH). CONCLUSION: Mean CBFv increased pressure-passively as MABP was optimized by dopamine treatment in very sick hypotensive ELBW infants on the first day of life.
INTRODUCTION
Despite the lack of evidence that treating hypotension improves outcomes,B40% of extremely low birth weight (ELBW, birth weight p1000 g) infants receive therapy for hypotension during early life. 1 Neonatologists treat hypotension with the intent of promoting adequate perfusion to vital organs, especially to the brain. Unfortunately, current hypotensive treatments, by overshooting intended optimal blood pressure, may have a role in the development of adverse associated outcomes, such as intraventricular hemorrhage (IVH), periventricular leukomalacia, developmental delay, hearing loss and death that are usually attributed simply to the presence of hypotension. [1] [2] [3] [4] [5] [6] Dempsey et al. 7 reported that untreated hypotensive ELBW infants with signs of good perfusion had similar outcomes to normotensive ELBW infants. Moreover, we previously reported that non-septic normovolemic hypotensive ELBW infants have similar baseline cerebral blood flow velocity (CBFv) compared with matched normotensive controls. 8 Thus, not all ELBW infants with hypotension require therapy or even have reduced cerebral perfusion. It is plausible that treatment, by abruptly increasing blood pressure (BP) in hypotensive premature infants with impaired cerebral autoregulation, could pressure-passively increase CBF and lead to IVH. Dopamine is frequently used for the treatment of hypotension in premature infants. 9, 10 Despite its widespread use, there have only been a few studies addressing dopamine's effects on cerebral hemodynamics in hypotensive ELBW 11 or very low birth weight (VLBW, birth weight p1500 g) infants. [12] [13] [14] [15] [16] [17] This prospective observational study was therefore conducted to evaluate alterations of cerebral hemodynamics during the treatment of hypotension with dopamine in hypotensive ELBW infants. We hypothesized that mean CBFv, assessed by Doppler ultrasound, would increase significantly from baseline while optimal BP was reached during dopamine treatment in hypotensive ELBW infants on the first day of life.
METHODS
The study was approved by the University of Arkansas for Medical Sciences Institutional Review Board. Infants were enrolled after written informed consent was obtained from parents.
Study population
ELBW infants born at the University of Arkansas for Medical Sciences between January 2006 and May 2007 were eligible for this study if they received mechanical ventilation for respiratory distress syndrome, had umbilical arterial and venous catheters placed during newborn stabilization, developed hypotension on the first day of life, and were already involved in a physiological study evaluating cerebral autoregulation capacity. Infants with major congenital anomalies, obvious hypovolemia, early-onset sepsis, or air leaks and infants who received fluid boluses, vasopressors or hydrocortisone (before study procedures) were excluded. Routine intensive care procedures were left to the discretion of the attending neonatologists.
Study design
When an ELBW infant became hypotensive, at any time (including the middle of the night) of any day (including weekends and holidays), one of the two research assistants initiated continuous monitoring of BP, CBFv and PCO 2 . The monitoring sessions often lasted 2 to 3 h, beginning with an B15-min baseline period (before dopamine treatment). CBFv in the right middle cerebral artery was continuously monitored using transcranial Doppler ultrasound (Nicolet Biomedical Pioneer, Madison, WI, USA). A lightweight 2-MHz pulsed-wave button transducer was placed transtemporally, anterior to the ear and above the zygomatic arch, and held in place by an appropriately sized crocheted hat (courtesy of the Arkansas Homemakers Extension Council). A depth of 16 to 22 mm was used to study the proximal portion of the middle cerebral artery. [18] [19] [20] A 100-Hz low-pass filter was used to dampen 'noise' from the vessel wall. To obtain reliable CBFv measurements, the transducer was placed with the minimum angle of insonation, accomplished when the highest intensity acoustic signal was perceived and the highest intensity Doppler spectrum was visualized. The ultrasound intensity was 5 to 21 mW cm À 2 . CBFv tracings were consistent with minimal to no drift in signal intensity, as the transducer did not move or need replacement during the monitoring periods.
Continuous PCO 2 monitoring was performed with a Neotrend system (Diametrics Medical) or a transcutaneous blood gas monitor (MicroGas 7650 rapid, Radiometer, Westlake, OH, USA). Neotrend was a system that continuously monitored arterial blood gases and temperatures, using fiber optic technology, without the need for blood withdrawal; it is no longer being produced. Briefly, for transcutaneous PCO 2 monitoring, the skin on either side of the chest was prepped with a small amount of Aquaphor Emollient Ointment (Beiersdorf, Norwalk, CT, USA). A doublesided adhesive ring of tape was applied to the skin, and one drop of an electrolyte solution (Radiometer) was placed into the center of the adhesive ring. The probe was then affixed to the adhesive ring. After 5 min of continuous monitoring (by either system), an arterial blood gas measurement was obtained from the umbilical arterial catheter and processed by the neonatal intensive care unit (NICU) laboratory. The Neotrend and/or transcutaneous blood gas monitor was then calibrated with the PCO 2 laboratory result (the change was rarely 43 mm Hg).
Analog signals from the BP monitor (112 Hz), transcranial Doppler (100 Hz) and the blood gas monitors (1 Hz) were simultaneously collected with a data acquisition system (PowerLab 8 channel, ADInstruments, Mountain View, CA, USA). Cyclic waveform analyses were performed to calculate MABP (average amplitude of the BP waveform over one cycle) and systolic and diastolic BPs (maximum and minimum values of the BP cycle, respectively). Fast Fourier analysis was performed on the CBFv signal to determine the systolic, diastolic and mean CBF velocities.
Data collection and definitions
For each infant, time and date of birth, whether or not their mother received antenatal steroids, birth weight, gestational age, race, gender, Apgar scores at 1 and 5 min, presence of severe IVH, survival to hospital discharge, and postnatal age at the time of physiological monitoring was obtained from the research database. Gestational age was estimated based on obstetrical criteria and neonatal criteria; the neonatal estimate was used if the two estimates differed by 42 weeks. Severe (grades III and IV) IVH was determined using the staging criteria of Papile et al., 21 based on any cranial ultrasound during the hospitalization.
Hypotension was defined as MABP in mm Hgogestational age in weeks 22 for X30 min. Optimal BP was defined as MABP in mm Hg X15% above gestational age in weeks 15 for X30 min. CBFv reactivity was used to determine cerebral autoregulatory capacity during dopamine treatment. Briefly, CBFv reactivity is expressed as the percent change of CBFv that varies per mm Hg change in MABP during some time period. 14, 23 When the 95% confidence interval (CI) for mean CBFv reactivity includes 0, that is, no statistically significant change in CBFv compared with changes in MABP, intact cerebral autoregulation is implied. 14, 23 In contrast, if the mean percent change in CBFv per mm Hg change in MABP40, and the 95% CI does not include 0, then this implies impaired cerebral autoregulation. 14, 23 Resistive index (RI) was defined as: ([systolic CBFv À diastolic CBFv]/systolic CBFv) Â 100. 24 
Statistics
Physiological variables for the hypotensive infants were analyzed before and after treatment with dopamine (Table 1) . Baseline values for MABP, mean CBFv, PCO 2 and RI were determined from B15 min of continuous monitoring that preceded treatment with dopamine. After optimal MABP was reached, MABP, mean CBFv, PCO 2 and RI were again determined. Comparisons of physiological variables before and after dopamine were performed by paired t-test.
CBF reactivity was determined for each infant by comparing baseline and optimal MABP values after dopamine for mean CBFv and MABP, respectively, and then determined for the group of hypotensive infants.
RESULTS
Fifteen hypotensive ELBW infants (625 ± 174 g, 24 (23 to 24.8 weeks) were studied. Nine infants died and/or developed severe IVH. Eight infants died (five had severe IVH; three died before having a cranial ultrasound). One infant with a severe IVH survived. Other characteristics of the study population are shown in Table 2 . There were significant increases in MABP after treatment with dopamine (Po0.001), which was expected (Table 1) .
With the exception of one infant who died secondary to complications from unremitting bilateral pneumothoraces, all other infants responded to dopamine with an increase in MABP. None of the infants received fluid boluses, other vasopressors or hydrocortisone before dopamine treatment. The increased MABP was accompanied by significant increases in mean CBFv (10.9±3.7 at baseline vs 15.7±5.7 cm s À 1 after optimal MABP was reached; P ¼ 0.001). PCO 2 was not different before and after dopamine treatment. Dopamine-treated infants also displayed significant decreases in RI after optimal MABP was reached, from 74.4% to 59.7% (P ¼ 0.001). The mean CBF reactivity (95% CI) was 3.9 (1.6 to 6.2) % mm Hg À 1 . The median (25th, 75th percentile) dose of dopamine was 10 (7.5, 14.4) mg kg À 1 per minute to get to the optimal MABP. The dose of dopamine to obtain the optimal MABP was 5 (n ¼ 1), 7.5 (n ¼ 4), 10 (n ¼ 3), 12.5 (n ¼ 2), 15 (n ¼ 2) and 17.5 mg kg À 1 per minute (n ¼ 2), respectively. One infant did not reach optimal MABP, and did not have dopamine increased beyond 5 mg kg 
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dopamine administration, possibly due to the infant's response to dopamine once the drug traversed through the medication tubing reaching the infant. MABP and mean CBFv subsequently returned to baseline, and dopamine was increased to 7.5 mg kg À 1 per minute (at about 40 min). The dopamine was increased to 10 mg kg À 1 per minute (at 66 min), with a resultant smaller surge in MABP that was again mirrored by a simultaneous surge in CBFv. MABP then returned to the hypotensive baseline, and dopamine was increased to 12.5 mg kg À 1 per minute (at 83 min). At this point, there was an abrupt, prolonged increase in MABP, reaching hypertensive levels; this was mirrored by increases in mean CBFv above the 90th percentile. 25 Owing to the hypertension, dopamine was reduced to 10 mg kg À 1 per minute. During the study period, PaCO 2 varied slightly between 48 and 53 mm Hg.
DISCUSSION
The major aim of our study was to examine cerebral hemodynamics during dopamine infusion in hypotensive ventilated ELBW infants on the first day of life. We observed a simultaneous significant increase in mean CBFv, as MABP increased to an optimal level during dopamine infusion. The increase in mean CBFv could be because the cerebral vasculature remained pressure-passive, or that the increased MABP was above the upper limit of autoregulation, or alternatively because dopamine could have changed cerebral vessel diameter. Mean CBF reactivity for these infants was consistent with B2 to 4%mmHg À 1 previously reported for hypotensive VLBW infants 14, 26 and in premature infants with severe intracranial hemorrhage. 23 As the 95% CI for mean CBF reactivity did not include 0, we inferred that these ELBW infants had a pressure-passive cerebral circulation and impaired cerebral autoregulation during dopamine infusion. Although determination of vascular resistance from changes in RIs are controversial, significant decreases in RI were noted after optimal MABP was reached; our findings are consistent with previous studies. 12, 16 Thus, hypotensive ELBW infants who have their BP optimized during dopamine treatment likely have impaired cerebral autoregulation and increased CBF. 12, 24, 27 In all, nine infants died and/or developed severe IVH. We recognize that the rates of mortality and morbidity observed in our study are quite high. Perhaps these hypotensive infants represented a sicker population of ELBW premature infants who were inherently at a higher risk for IVH and death. Treated hypotension has previously been reported to be associated with poor outcomes, however, it is not clear whether hypotension, the treatment for hypotension or some other unrecognized variables were to blame for the adverse outcomes. 1, 4 Our observations are consistent with previous reports showing that increasing MABP in hypotensive premature infants does not restore intact cerebral autoregulation. 11, 12, [14] [15] [16] In the first comparable study of dopamine's effects on cerebral hemodynamics in five hypotensive premature infants on the first day of life (6 weeks more mature and more than double the birth weight of our infants), CBFv increased but returned to baseline by 50 to 90 min after MABP was increased with dopamine. 12 Thus, it was concluded that while cerebral autoregulation was impaired during dopamine treatment, it was not totally ineffective. The next study included a heterogeneous sample of 11 hypotensive infants (birth weight, 540 to 2100 g; gestational age, 24 to 32 weeks) monitored at 13 h of age.
14 They concluded that dopamine treatment for hypotension did not restore intact autoregulation; however, as treatment included fluid boluses, dopamine, and dobutamine, it is unclear exactly how the results relate directly to dopamine's effect on cerebral hemodynamics. In a subsequent study using higher initial and maximum dopamine doses than ours, it was observed that 12 hypotensive ELBW infants on the first day of life had impaired cerebral autoregulation because CBF correlated with MABP before and after dopamine (10 to Effects of dopamine in hypotensive ELBW infants MH Lightburn et al 30 mg kg À 1 per minute) treatment. 11 As cerebral autoregulation remained impaired after increasing MABP with dopamine into an adequate range, the authors concluded that careful physiological monitoring was necessary during dopamine infusions. 11 In a later study, 28 hypotensive VLBW infants treated with dopamine to an optimal MABP had changes in cerebral intravascular oxygenation (HbD, reflecting cerebral perfusion changes) that were significantly correlated with increases in MABP, that is, they had impaired cerebral autoregulation. 15 Lastly, it was observed in 17 hypotensive premature infants (o32 weeks gestation) with patent ductus arteriosus (PDA) on day of life 5 (range 1 to 25 days) that RI decreased significantly after dopamine treatment. 16 Alternatively, one dopamine-cerebral hemodynamic study, however, failed to find a simultaneous increase in CBFv in hypotensive VLBW infants when MABP was raised to a normal range. 13 The discrepancy between this study 13 and the others 11, 12, [14] [15] [16] is unclear, but could be due to the use of intermittent CBFv monitoring where an increase could have been missed.
There are some possible limitations to our study. First, this is an observational study evaluating CBFv in hypotensive ELBW infants during treatment using dopamine, with a somewhat small sample size. While it is quite difficult to accrue and enroll sufficient numbers of hypotensive ELBW infants into studies, 28 as shown by the similar low sample sizes in other studies (that mostly included more mature and heavier infants), [11] [12] [13] [14] [15] we evaluated cerebral hemodynamics during dopamine therapy in the largest number of hypotensive ELBW infants on the first day of life ever studied. In addition, we used transcranial Doppler ultrasound measurements of CBFv instead of more direct measures of CBF. Despite concerns that CBFv measurements may not be a reliable proxy for CBF due to possible vessel diameter changes, good correlations have been observed between relative changes of CBFv and near-infrared spectroscopy measures of cerebral hemodynamics. [29] [30] [31] Third, the first-line treatment for non-hypovolemic and non-septic hypotensive ELBW infants in our NICU was dopamine infusions beginning at 5 mg kg À 1 per minute and incrementally increasing the dose by 2.5 mg kg À 1 per minute to get to an optimal MABP. Many clinicians, however, use fluid boluses first, and thus our observations may not be generalizable to other NICUs. It is also possible that our stepwise doses of dopamine were too high and may have contributed to excessively high CBFv in some infants. It may be prudent, for example, to start dopamine at 5 mg kg À 1 per minute and increase by 1 mg kg À 1 per minute increments to prevent overshooting of CBFv. Further, while it would have been illuminating to determine autoregulatory capacity during hypotension (before receiving dopamine), individual MABP varied little during baseline periods, making the calculation of CBFv reactivity unfeasible. We also did not assess whether there was a PDA, or the degree and direction of blood flow through the PDA, or how a PDA would affect RI. Bouissou et al. 16 observed that infants with a significant PDA had a similar decrease in cerebral arterial RI following dopamine therapy, and presumably, most ELBW infants have a PDA on the first day. 32 A final limitation is that we did not evaluate the effects of hypotension on other organs, such as the kidney or heart. While hemodynamics to other organs will be important for future studies, we focused on the brain because disturbances of CBFv have been associated with brain injuries in premature infants. 33 In conclusion, in hypotensive ELBW infants on the first day of life with baseline gestational age-appropriate CBFv 24 and RI, CBFv increased pressure-passively as MABP was optimized during treatment with dopamine. Some infants demonstrated abrupt increases in CBFv to 490th percentile during dopamine infusion. It is plausible that increasing BP in this manner with the use of dopamine in ELBW infants could potentially place them at risk for brain injury. Close monitoring and careful titration of dopamine infusions is essential. Further research is needed to evaluate the appropriate indications for the use of dopamine in hypotensive ELBW infants, and investigations comparing permissive hypotension versus treated hypotension in ELBW infants are warranted.
